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INTRODUCTION
The latest advances in genome editing technologies, specifically those using the CRISPR/Cas9 system, have helped simplify the process of generating genetically engineered animal models. Genome editing is performed, in cells or in zygotes, through two molecular events. First, the Cas9 nuclease is taken to the target site through a guide RNA and the nuclease causes a doublestranded DNA break (DSB) at the target site. In the second step, the DSB is joined back by one of the two major DSB repair events, either through: (a) non-homologous end joining (NHEJ), which usually leads to a change in the nucleotide sequence; or (b) homology-directed repair (HDR), if an exogenous repair template is supplied that contains homology arms.
During the past 3-4 years, CRISPR/Cas9 technology has significantly impacted how mouse genome engineering is performed. 1, 2 It is now used routinely to generate gene disruptions through short insertions or deletions (indels) via NHEJ, and also to insert short exogenous sequences provided as single-stranded oligodeoxynucleotides (ssODNs) via HDR. The ssODN repair templates used are typically 100-200 bases long, consisting of a few bases of altered sequence flanked by homology arms of 40-80 bases. 3, 4 In contrast, double-stranded DNAs (dsDNAs) are used as repair templates for projects requiring insertion of longer sequences (such as reporter/recombinase knock-ins). Compared with ssODN donors, however, the insertion efficiency of dsDNA donors is poor, 5 often requiring homology arms of at least 0.5-1 kb or longer. 6, 7 Creating conditional knockout models requires even higher technical perfection because these involve replacing a gene fragment (target exon/s) with a floxed (LoxP flanked exon) cassette gene replacement.
Comparison of other methods of knock-in and conditional knockout model generation
Mouse genome engineering has been broadly performed over three decades for two purposes: 1) direct injection of DNA to create transgenic models where DNA is integrated at random genomic locations; and 2) to create knock-in and (conditional) knockout models using classical homologous recombination-mediated gene targeting in embryonic stem (ES) cells. The ES cellbased methods were the only choices before programmable nucleases were demonstrated for gene targeting. However, those methods are laborious, time-consuming, expensive, and, more importantly, may not lead to generation of a germ line-established mutant line. Soon after the CRISPR/Cas system was developed for genome editing in mammalian cells, 13, 14 it was demonstrated that mouse knock-in and conditional knockout alleles could be generated rapidly. 6 The research community anticipated that this technology would soon replace ES cell-based gene targeting, 15 because the required components can be introduced directly into mouse embryos using the same microinjection techniques commonly used for random transgenesis. However, many laboratories have been unsuccessful in employing CRISPR strategies for generating knockin and conditional knockout alleles. 16 One of the main reasons for this lack of success is that HDR efficiency using dsDNA donors is generally very poor. However, a few strategies for increasing the targeting efficiency of dsDNA donors have been reported. These include: (1) inhibition of NHEJ or enhancement of HDR through chemical treatments. 17, 18 Such methods have not become popular because they only provide a marginal gain in their efficiencies, and these strategies have been shown to be toxic to cells, disrupting fundamental DNA repair processes. 19 (2) Certain strategies use circular donors with built-in synthetic guide sequences. The donors are linearized inside the cell/embryo through Cas9 cleaving at the synthetic guide recognition sites, to enhance their insertion at the target site. Although these latter strategies offer better alternatives to those that perturb DNA repair, and have efficiencies reaching up to 37.5%, 20 they too have limitations, because custom donor plasmids must be constructed for each target site.
In direct comparison to circular dsDNA donor-based strategies, Easi-CRISPR offers several advantages: (1) donor DNAs are simple to design and construct with no need for long homology arms (~50-100 base long arms are enough); (2) efficiency is very high (typically 25-75%, reaches up to 100% for some loci), and (3) the method works for many loci. The linear dsDNAs are the standard forms of DNA cassettes used in generating transgenic animals (where the DNA is inserted at random locations). Although injection of dsDNAs would lead to many events of random transgene insertions, in our first-stage experiments developing Easi-CRISPR, we compared targeted insertion efficiency by dsDNA (PCR product) vs ssDNA (synthesized using ivTRT) with the same sequence (and the same lengths of homology arms). We found that ssDNAs had more than two times higher efficiency than dsDNAs. 8 We also found that the viability of injected embryos was much higher when ssDNA was used as a repair template compared to dsDNA, and that this was probably due to dsDNA toxicity.
Conditional knock-out models are the most highly produced type of genetically engineered models. The genetic manipulation required to create such alleles using CRISPR/cas strategies involves a much higher level of technical perfection than for knock-in designs because it requires two cleavages in the genome and precise replacement of the gene segment with a floxed DNA cassette between the cleavage sites. An approach where two ssODN donors could be used to insert LoxP sites, involving two cleavages in the genome, was initially feasible, 6 but this approach has been considered highly challenging due to many undesired outcomes. These include insertion of only one LoxP, deletion of the target exon between the genomic cleavages, and insertion of LoxP sites in trans. 21 The method has also failed otherwise for many loci. 16 Easi-CRISPR is less likely to result in these unwanted outcomes, especially compared to the two-ssODN oligo-based method. Additionally, using circular dsDNAs (as standard knock-in donors) and inserting them through nicking (using Cas9 nickase) has been reported for generating conditional alleles, 22 but this approach is also not used routinely due to low efficiency.
Experimental Design
The Easi-CRISPR method involves four major steps: (1) designing of an Easi-CRISPR strategy; (2) synthesis and purification of ssDNA and other CRISPR components for microinjection; (3) preparation of Easi-CRISPR components and their microinjection into mouse zygotes; and (4) genotyping of offspring. A diagram of the workflow is presented in Figure 1 .
Designing of an Easi-CRISPR strategy.
The strategy involves two broad steps: searching for CRISPR targets, and designing ssDNA repair cassettes
Searching for CRISPR targets
Guide search is a very common step in CRISPR genome engineering designs, and has been described in numerous protocols including mouse genome engineering 23, 24 . Genomic sequence around the region of interest is retrieved from a genome browser such as http://asia.ensembl.org/index.html and the CRISPR target sites using CHOPCHOP (http://chopchop.cbu.uib.no/index.php) and/or CRISPR Design (http://crispr.mit.edu/) sites. Select the site as close as possible to the insertion site.
The guide selection principles relevant to different applications of Easi-CRISPR are described in Box 1
Box 1: Principles of guide selection for Easi-CRISPR applications.
The Easi-CRISPR method was developed to be suitable for most commonly used mouse model designs, including: (a) insertion of protein coding sequences to fuse with genes (also known as knock-in models); (b) conditional knockout mouse models (also known as floxed models); and (c) knocking-down genes through insertion of artificial microRNA sequences into intronic sites. In all three designs, long ssDNAs are used as donors, in contrast to the differing location of guides on genes and the types of insertion cassettes among designs. The principles of guide selection for these designs are described here:
Floxing. Determine the target exon, the deletion of which will lead to predicted to loss of protein expression upon Cre-mediated recombination. LoxP sites are inserted at the flanking introns to the target exon, and then chosen within the flanking introns to the target exon. Because it is difficult to accurately predict the regulatory sequences surrounding the exons necessary for splicing (e.g. splicing donor/acceptor sites, branch site, and polypyrimidine tract), we suggest placing LoxP sites at least 100 bases away from the intron/exon boundaries. Care should be taken not to insert LoxPs at the evolutionary conserved regions to avoid disruption of functional sequences such as enhancers (see below).
Knocking in (or fusing) coding sequences with genes. To determine the targeted site, using either 5' end or 3' end of the gene (start or stop codons respectively). Identify guides that recognize sequences very close to the start or stop codons for precise fusion.
Inserting artificial microRNA cassettes for knocking down genes. Our first proof of principle work (that long ssDNAs serve as efficient donors) demonstrated that artificial microRNA sequences can be inserted at introns of genes (host gene). Inserted cassettes are transcribed as part of the host gene transcription and eventually processed into mature microRNAs to knockdown the protein expression of their target genes. We tested introns of the eEF2 gene, which enabled ubiquitous expression of microRNA sequences. More such sites in other ubiquitously expressing genes and/or introns of genes that will have desired tissue-specific expression patterns can be explored for inserting artificial microRNAs. A few designing principles for this application: 1) Determine the targeted intron to be inserted. 2) Avoid choosing evolutionary conserved regions that potentially contain sequences of some important (albeit unknown) function; choosing such regions may inadvertently cause disruption of the evolutionarily functional sequences. 3) Similar to floxing design, choose regions sufficiently far away from exon boundaries to avoid disrupting splicing signals. Potential splicing events in a given sequence can be predicted using the GENESCAN tool (exon prediction algorithm; http://genes.mit.edu/GENSCAN.html). Both wild type (untargeted) and theoretical sequence of the modified locus (after cassette insertion) should be analyzed using this tool.
Designing ssDNA repair cassettes
The typical architecture of cassettes constitutes two homology arms (left and right) and a middle region (new sequence to be inserted). Homology arms are about 55 to 100 bases long. A T7 RNA polymerase promoter site is included, just upstream of one of the homology arms (referred as proximal arm), and is needed for in vitro transcription. A unique restriction site is included after the distal arm (one that does not need a T7 promoter), to use it for linearizing the plasmid. The central region can be up to about 2 kb or more. The design principles and architecture of ssDNA donors and dsDNA templates for knock-in, floxing, and knock-down are shown in Figures 2 to 4. Note that the design principles for inserting artificial microRNA cassettes share some features between floxing and knock-in designs, involving one cleavage insertion (as in the case of knock-in), and insertion of cassettes at an intronic region (as in the case of floxing). The repair cassette should be carefully designed to not include the guide recognition sequence, and thus avoid re-cleaving by the Cas9/gRNA after the correct insertion.
The T7 promoter: The T7 prompter sequence is inserted immediately upstream to the left or right homology arms. The arm to which the T7 promoter is added is referred as upstream arm.
In our experiments thus far, we have successfully used either sense or anti-sense strands with respect to the direction of gene transcription.
The upstream homology arm: This corresponds to the upstream sequence from the point in the genome where the new sequence must be inserted (this is generally the sequence to the left of the cleavage point). We have not done a systematic study to identify optimal lengths for best performance; our initial studies contained arms from 55-105 bases long. It is preferable to choose a 'G' (ideally 'GG'), at the 5' end of the homology arm, to which the T7 prompter will be added upstream. It is known that presence of one or two Gs immediately 3' to the T7 promoter increases T7 RNA polymerase transcription efficiency. Note: if a suitable sequence that matches this criterion is not available in the left homology arm, the T7 promoter can be added to the right homology arm, in which case the right homology arm will be referred to as the upstream homology arm (with respect to donor DNA direction).
The downstream homology arm: Corresponds to the downstream sequence from the point in the genome where the new sequence must be inserted (generally the sequence on the right of the cleavage point). Typically, about 55 to 105 bases long. A primer for reverse transcription is designed to bind at the 3' end of downstream homology arm. Therefore, the terminal region should possess an optimal sequence for primer binding to be suitable for RT reaction (for example optimal GC content and containing non-repetitive sequences). A unique restriction site (that produces 5' overhang or blunt end) should be added downstream of the right arm to linearize the plasmid before in vitro transcription.
The middle region:
This region constitutes the new sequence to be inserted. The 3' end of the upstream arm will continue to the 5' end of the middle region (new sequence) and the 3' end of the middle region will continue to the 5' end of the downstream arm. For floxing designs (and for knock-down designs), once the theoretical sequences of the ssDNA cassette are designed, the cassettes can be built by custom synthesis from commercial vendors (such as Bio Basic, Integrated DNA Technologies, GENEWIZ, GeneArt, GenScript, or Life Technologies). For knock-in designs consisting of expression cassettes such as recombinases or reporters, any known plasmids can be used as templates to amplify the cassette using primers that contain the homology arms.
Synthesis of ssDNA using ivTRT method.
This method uses a dsDNA template to transcribe into RNA. The RNA is then reversetranscribed back to DNA (to generate ssDNA molecules), followed by RNaseH degradation of RNA and purification of the ssDNA. The dsDNA templates can be either PCR products or plasmids that contain a T7 promoter and the insertion cassette (homology arms with the new sequence of interest in the middle). A schematic of ivTRT and ssDNA preparation steps is shown in Figure 5 . Another method of generating ssDNAs was reported recently that uses DNA nicking endonucleases to make nicks on a plasmid dsDNA, followed by separation and purification of the desired ssDNA fragment from a denaturing agarose gel. 25 
Preparation of injection mix.
The ssDNA synthesized by ivTRT is then used as a repair donor for microinjection along with CRISPR components. Our first set of Easi-CRISPR method development experiments used Cas9 mRNA and single-guide RNA (sgRNA) as CRISPR components, but in our recent experiments we observed that RNAs that have been separated (crRNA and tracrRNA) and the Cas9 Protein (referred as ctRNP) have better rates of correct insertion. One reason for this could be that the pre-assembled ctRNP would be immediately available for cleavage upon injection, whereas there would be some delay in formation of Cas9 protein from the mRNA. A previous study showed that when comparing the sgRNA/Cas9 protein (sgRNP) and ctRNPs, ctRNPs had the highest knock-in efficiency. 26 Another advantage of ctRNP composition is that all reagents can be commercially synthesized more cheaply than by preparing sgRNAs through in vitro transcription methods (Harms et al.; these were quite prevalent until about a year ago). To prepare Easi-CRISPR components for microinjection, ctRNP and ssDNA are mixed together; the process is described in detail in the "Procedure" section.
The microinjection step also involves a series of transgenic technologies that are typically performed at specialized core facility labs. These steps (involving numerous steps of CRISPR mouse genome engineering protocols), have been published many a times in the last two to three years, 23, 24 and have now become standard methods. We therefore omit these steps from the main protocol and have included them as a supplementary text file.
Genotyping floxed and knock-in alleles.
A general schematic of genotyping strategies is shown in Figure 6 . At least three separate PCR genotyping reactions are suggested for Easi-CRISPR-derived offspring: one PCR each for the two LoxP insertions (in case of floxed alleles) and for the two junctions in case of knock-in and knock-down alleles, and the third PCR for the full-length PCR (in case of floxed alleles) and for insert-specific regions (in case of knock-in and knock-down alleles).
Floxed allele genotyping:
The primers that can amplify each of the two separate LoxP sites will be useful for detection. When genotyping floxed alleles, we always use primer sets that amplify single LoxP insertion (for both LoxPs). Because the LoxP-inserted allele can be seen as a slightly larger band compared to the wild type, PCR products from wild type control should be included in agarose gel electrophoresis. When both LoxPs are positive, these pups can be candidates for floxed mice. However, it is often difficult to judge whether these two LoxPs are inserted in cis. Complete insertion of a floxed cassette (in cis) can be determined by PCR using primer sets (one outer primer and one other primer that bind to a distantly located LoxP site), and following sequencing of the amplified fragments to determine whether the fragment contains an internal LoxP site. Even when the correctly inserted floxed cassette is identified, it is desirable to check for the presence of a floxed allele and its nucleotide sequence in the next generation. The recombination capability of the floxed allele is confirmed by breeding the mouse line with a Cre driver line. A quick analysis for recombination of the floxed allele can also performed using an in vitro Cre reaction, where the target region is PCR-amplified and incubated with a Cre protein, and the recombination products are analyzed on agarose gel, 6
Knock-in and knock-down alleles genotyping: We recommend PCR be performed for both the 5' and 3' junctional regions and for insert-specific regions (using internal primer sets). Even though all three sets of PCR reactions can show expected amplicons, all junctions and the insertion cassette must be fully sequenced to ensure sequence fidelity, to rule out any indels near the junctions, and to check for nucleotide mis-incorporations in the insert regions that may arise from the enzymatic synthesis steps in preparing the ssDNA donor. PCR with an outer primer set (that bind outside the homology arms) amplifies longer PCR fragments, including the entire knock-in cassette, as well as the shorter wild-type sequence (or not inserted but with indel derived from NHEJ). In this PCR, amplification of only the wild-type (or indel) band does not always guarantee that it can serve as a negative sample, because a smaller amplicon (wildtype) typically competes amplification of the longer band (from the correctly targeted allele). The insertion allele (larger band) may be amplified efficiently if the insertion event is biallelic (with no wild type allele). Regardless of the PCR amplification results, however, sequencing of the entire cassette is mandatory to ensure the correctness of the targeted allele. Sequencing should also be performed in F1 pups to rule out any hidden mosaic alleles that may contain mutations from the founders and transmitted to the offspring.
Limitations of Easi-CRISPR
The Easi-CRISPR strategy allows for generation of various kinds of mouse models at an efficiency much higher than that of any previously described methods. Some of the limitations of Easi-CRISPR method are discussed below:
The length of the ssDNA donor: one of the current technical limitations of Easi-CRISPR is the synthesis of longer ssDNA molecules. We have successfully made ssDNAs up to ~2kb, which is sufficient for most of the commonly needed mouse models. Because of the enzymatic amplification steps involved in ivTRT method, some difficult-to-amplify type of sequences may be challenging to synthesize.
Possible sequence mis-incorporations arising during ssDNA preparation steps: because of enzymatic amplifications steps, nucleotide mis-incorporations can occur during ssDNA synthesis. Some of the ssDNA preps at the beginning stage of developing this method had such mutations. We presume that a portion of these mutations may have resulted from the unintended use of standard grade enzymes rather than high-fidelity enzymes. Some knock-in mouse models generated may contain such incorporations, and therefore, the full cassettes must be sequenced among the founders and the germ line transmitted F1 offspring (to exclude the possibility of undetected mutations transmitted due to mosaicism). Although most reverse transcriptase enzymes do not have proofreading capabilities, the development of enzymes with proofreading function will be helpful to prevent mis-incorporations 27 .
Possible random insertion of ssDNA donors: even though ssDNAs are less likely to be inserted into the genome at random locations, the possibility of random insertions cannot be excluded completely. Very rarely, some negative founders (as judged by the two junction PCR results) showed positive amplicons using internal primers suggestive of random insertion events.
MATERIALS

REAGENTS CRISPR REAGENTS
• crRNA (med-mod) and tracrRNA (cat. no. 1072534) from Integrated DNA Technologies (IDT). The crRNA part is custom synthesized for each specific guide RNA, whereas tracrRNA is universal • Alt-R TM S.p. Cas9 Nuclease 3NLS (cat. no. 1074181) from IDT
REAGENTS FOR ssDNA SYNTHESIS
General note: listed below are the standard kits and reagents that have been tried in our laboratories. Comparable kits and reagents from other vendors may also be used in place of these.
• Standard desalt Ultramers (long primers) from IDT (or any commercial vendor) to use as primers for PCR of insert or custom gene-synthesized plasmid (any commercial vendor) • KOD plus neo (TOYOBO, cat. no. 
REAGENTS FOR MOUSE TRANSGENSIS EXPERIMENTS
These experiments follow well-established, standard protocols of mouse transgenesis, typically performed at specialized core facility laboratories. Such protocols have been described in detail elsewhere (Refs). Details of these reagents and procedures are included in the supplemental text. 
REAGENTS FOR MOUSE GENOTYPING
REAGENT SETUP Oligonucleotides and Ultramers
• Re-suspend oligonucleotides or ultramers to a final concentration 100µM in nuclease free water and can be stored at -20 o C for future use.
1X TAE Electrophoresis Buffer
• Dilute 50XTAE buffer in distilled water to a 1X working solution. 1X solution can be stored at room temperature for up to 3 months.
Ethanol
• For 100ml of ethanol (70% (vol/vol)) solution, combine 70 ml 99.5% (vol/vol) ethanol with 30 ml of Nuclease free water and store it in a tightly sealed tube at room temperature.
crRNA and tracrRNA
• Re-suspend crRNA and tracrRNA to a final concentration 100µM (approx. 1.2µg/µl for crRNA and 2.2µg/µl for tracrRNA) in Injection buffer and can be stored at -80 o C for future use.
The ctRNP complex preparation
• CRISPR system comprises three components: crRNA, tracrRNA, and Cas9 Protein. The crRNA is unique to each project, whereas the other two components are universal. The crRNA is 36 bases long and tracrRNA is 67 bases long. The crRNA can be custom synthesized (e.g., Alt-R system from IDT); they can also be chemically modified, which is known to increase their stability 28 . We have used minimum and medium modifications of crRNAs thus far, with no apparent differences in editing efficiencies. The two RNAs (crRNA and tracrRNA) are annealed at 1:1 molar concentration to generate active guide RNA and the guideRNA is mixed with Cas9 protein to obtain ctRNP complexes.
Cas9 Protein
• Cas9 protein is diluted to (e.g. 3.1µM [500ng/μl]) with injection buffer and aliquots are stored at -20 o C for future use.
Preparation of MILLEX-GX (0. 22µm Filter Unit) for steps 29-35
• Cut a PCR tube from an 8 strip PCR tube and place the filter unit MILLEX-GX (0.22µm Filter Unit) into the PCR tube (Fig. 7) . Insert the column (filter unit in the PCR tube) into 1.5ml micro-centrifuge tube. 
PROCEDURES
7)
Preheat a dry heat block at 65-70 o C and pre-warm the elution solution.
8)
Add 80µl of elution solution to the sample (total volume to 100µl) and mix by gentle pipetting.
9)
Add 350µl of Binding Solution and mix by gentle pipetting.
10)
Add 250µl of >99.5% ethanol and mix by gentle pipetting.
11)
Transfer the sample to the column and centrifuge (13,500-14,000rpm,1 minute, room temperature).
12)
Discard the flow-through and re-insert the column into the micro-centrifuge tube.
13)
Add 500µl of washing solution to the column and centrifuge (13,500-14,000rpm, 1 minute, room temperature).
14)
Discard the flow-through and repeat washing (as in step 13).
15)
Discard the flow-through and centrifuge (13,500-14,000rpm, 1 minute at room temperature) to completely remove traces of ethanol.
16)
Insert the column into newly labelled 1.5ml micro-centrifuge and add 25-50µl of prewarmed elution solution directly into the column bed, incubate for 10 minutes, and Centrifuge at 13,500-14,000rpm, 1 minute, at room temperature). A second elution can be performed to recover more RNA.
17)
Check the quality and concentration of RNA by analyzing 1µl of sample in a Nano Drop.
18)
Confirm the quality of RNA by agarose gel electrophoresis (Fig. 5b) .
PAUSE POINT Store the samples at −80°C until use.
CRITICAL STEP Aliquot about 3-5µg RNA/tube to avoid repeated freezing and thawing of RNA. A and B) . Mix well and incubate the reaction at 50 o C for 50 minutes in a water bath or thermocycler. Stop the reaction by heat-inactivating at 85 o C for 5 minutes. Cool down the reaction to room temperature. 
22) Combine contents of both tubes (Tubes
23)
28) Option A: Using NucleoSpin Gel and PCR Clean-up (Column purification)
• NucleoSpin Gel and PCR Clean-up (TaKaRa) used for purification of cDNA according to manufacturer's instruction.
• Add 200µl Buffer NT1 to each 100mg of agarose gel (containing cDNA) and mix well.
Determine the weight of the gel piece before adding Buffer NT1.
• Incubate the tube for 10 minutes at 50 o C to completely elute gel piece (briefly vortex the sample every 2-3 minutes).
• Transfer the sample (up to 700µl) into a column and centrifuge for 30 seconds at 10,000rpm.
• Discard flow-through and add 700µl Buffer NT3 to the column and centrifuge for 30 seconds at 10,000rpm.
• Repeat washing with Buffer NT3 (above step).
• Centrifuge for 1 minute at 10,000rpm to completely remove Buffer NT3.
• Place the column into a new micro-centrifuge tube, add 15-30µl Buffer NE, and incubate at room temperature for 1 minute.
• Centrifuge for 1minute at 10,000rpm [1st elution].
• Place the column into the tube and add 15-30µl Buffer NE and incubate room temperature for 1 minute.
• Centrifuge for 1 minute at 10,000rpm [2nd elution] (total elution volume will be 30-60µl).
CRITICAL STEP Multiple elution yields higher cDNA recovery; for example, three elutions of 20 µl each can also be performed.
28) Option B: Phenol extraction and ethanol precipitation
• Add 200µl of modified TE into the gel piece-containing tube and place it at -80 o C for more than 20minutes (can be left overnight).
• Melt the sample at room temperature and transfer the solution to a new tube.
• Add 200µl of TE-saturated phenol and centrifuge (12,000rpm, 20 o C, 6 minutes).
! CAUTION Phenol is toxic and cause burns. Should be opened in fume hood wearing proper protective equipment.
• Transfer the supernatant to a new tube, add 20µl of 3M sodium acetate (pH5.2) and 500µl of 99.5% ethanol, vortex and centrifuge at 14,000rpm, 10minutes, at room temperature.
• Decant supernatant, add 130µl of 70% ethanol, centrifuge at 14,000rpm, 2minutes, 4 o C.
• Completely remove the supernatant and dry the pellet. Dissolve the pellet in 11µl of injection buffer. 
PAUSE POINT
30)
Add injection buffer to the MILLEX-GX (0.22µm Filter Unit: see reagent setup for assembling a filter) and centrifuge the tube (11,200rpm , 4 o C, 1 minutes).
31)
Take the filter unit only from the tube and place it in a new PCR tube, re-insert to 1.5ml micro-centrifuge tube.
32)
Add the 11µl of sample on the filter and centrifuge it (11,200rpm , 4 o C, 2 minutes).
33)
Take the filter-containing PCR tube from the 1.5ml micro-centrifuge tube and transfer the filtered sample (in a bottom of the PCR tube) solution to a new 1.5ml tube.
34)
Transfer 1µl of sample to another new tube and dilute with 4µl injection buffer (total 5µl). Use 1µl for concentration determination using Nano Drop, and remaining 4µl for agarose gel electrophoresis (Fig. 5d ).
35)
Store the remaining sample (10µl) at -20 o C or -80 o C for future use.
? TROUBLESHOOTING
Step 36 Preparation of guide RNA by annealing crRNA and tracrRNA • TIMING 30 minutes 36) Anneal crRNA and tracrRNAs by mixing equi-molar ratios. Mix 10μl of 6.1µM crRNA (approx. 72ng/µl) and 10μl of 6.1µM tracrRNA (approx. 135ng/µl) and anneal in a thermocycler (94°C for 2 minutes and then place at room temperature, about 10 minutes). The crRNA/tracrRNA complex is then stored at -80 o C until use.
? TROUBLESHOOTING CRITICAL STEP Annealing of crRNA and tracrRNA is an important step to obtain guide RNA and for the formation of ctRNP complex.
Since the Cas9 protein is supplied at high concentrations, we occasionally make intermediary dilutions (e.g. 3.1µM [500ng/μl]) with injection buffer and then dilute it to final concentration (0.3µM [50ng/μl]), as described below.
Steps 37-41 Preparation of ctRNP + ssDNA Injection mix • TIMING 1h 37) Preparation of ctRNP injection mix (10-20μl volume). Cas9 protein is diluted with injection buffer to the concentration of 500 ng/µl (equivalent to 3.1µM). Steps 42-43 Genotyping of offspring to identify transgenic founders
38) Mix the components on ice as below (10µl scale
42) Mouse tail or ear DNA extraction• TIMING 1d
Described below are two methods for mouse DNA extraction: the longer protocol produces cleaner DNA, and the rapid protocol produces crude DNA but can be used for quick genotyping. DNA preparations from both methods work well for genotyping PCRs.
Longer protocol:
i. Collect ~2-3mm tail pieces from mice in 1.5ml micro-centrifuge tubes. Collect a sample from a wild type mouse as control. Add 300µl Cell Lysis Solution containing 3µl Proteinase K and incubate at 65°C overnight in a dry bath.
CRITICAL STEP To save time and reagent loss, make a master mix for the lysis solution and Proteinase K. This can then be distributed to 300µl aliquots in separate micro-centrifuge tubes.
ii. Next day cool the samples at room temperature. Add 100µl of the Protein Precipitation Solution and vortex thoroughly for ~20 seconds.
iii. Place the tubes on at 4°C for 10 minutes, and then centrifuge at 13,000 rpm for 5 minutes.
iv. Transfer supernatants to newly labeled micro-centrifuge tubes containing 800µl of 100% ethanol. Mix by inverting the tubes 8-10 times.
CRITICAL STEP Use ethanol resistant markers for labeling the tubes because spills of ethanol solutions on the tubes can wipe away the labels.
v.
Centrifuge at 13,000 rpm for 5 minutes.
vi. Slowly discard the supernatant, add 700 µl of 70% ethanol, mix by inverting 8-10 times.
vii. Centrifuge at 13,000 rpm for 5 minutes, then slowly discard supernatant.
viii. Centrifuge at 13,000 rpm for 4 minutes.
ix.
Aspirate remaining 70% ethanol using a 200µl pipette tip and air dry DNA pellet for ~5 minutes (do not exceed minutes).
? TROUBLESHOOTING ! CAUTION It is important to change tips between samples to avoid cross-contamination.
CRITICAL STEP The DNA pellet is very loose at this step; the aspiration step should be performed with care to avoid losing the pellet.
x.
Add 100µl DNA Hydration Solution to the pellet and flick the side of the tube to mix. Incubate tubes at 65°C in dry bath for 15-30 minutes to solubilize the DNA.
PAUSE POINT Genomic DNA samples can be stored at 4°C for later use.
Rapid protocol:
i Collect ~2mm ear pieces from mice in 1.5ml micro-centrifuge tubes. Collect a sample from a wild type mouse as control. Add 40µl Allele-In-One Mouse Tail Direct Lysis Buffer and incubate at 55°C with shaking using shaking heat block more than 3 hours, or overnight.
ii Incubate tubes at 85°C in a heat block for 45 minutes to inactivate the protease in the solution.
PAUSE POINT Genomic DNA samples can be stored at -20°C.
iii Centrifuge at 14,000rpm for 2 minutes (because the samples are crude) and use for PCR reactions.
43) PCR amplification and agarose gel electrophoresis• TIMING 1d
i. Perform vi. Sequence PCR products directly, or clone PCR products by TA Cloning kit and sequence them to confirm the genotypes.
? TROUBLESHOOTING
TIMING:
A typical Easi-CRISPR mouse genome engineering project can be completed in about 2 months from the time the CRISPR strategy is designed up to identifying the genome-edited G0 founder pups. The general time frame required for different stages of Easi-CRISPR are outlined in Figure  1 . Even though designing the overall strategy (first stage) can only take about 2-3 hours for an experienced technician (twice as much or more for others), this is the most critical part of the Easi-CRISPR protocol. Even slight errors in designing the donor, choosing the guides, and other steps at this stage can result in a mouse model that may not be developed exactly as intended. We recommend that two or three independent persons look at the design, and that at least one of these be an expert with previous successful experience in designing genetically engineered models. The next critical step is the preparation of ssDNA donors, which requires the most hands-on time of the Easi-CISPR protocol steps. Timing considerations for these steps are described, including optional pause points in the protocol steps.
Troubleshooting
Step Less template to start the reaction.
Make aliquots of RNA and store them at -80°C for long term use. Reaction can be scaled up to increase the yield.
Reaction can be scaled up to increase the yield (Fig. 10) .
ssDNA appears like a smear in gel
Smear-like appearance of ssDNA preparations is normal especially when larger quantity of preparations are loaded in gels. There will be detectable prominent band(s), present in the smear, corresponding to expected size of ssDNA of interest.
If there are prominent shorter sized bands, they could be arising from partial length strands (from premature reverse transcription termination).
Prominent band(s) can be gel extracted (see Fig. 11 ).
Synthesizing the opposite strand can eliminate the problems arising from the unknown terminators. 
Anticipated results
Easi-CRISPR has the potential to generate various kinds of mouse models including conditional knockout mice (floxed), knock-in mice (to fuse protein expression cassettes with genes), and knock-down mice (artificial microRNA knock-in mice). The method invariably generates intended mouse models in about 50 to 100 of zygotes injected. The method has been successful for over a dozen loci thus far, and the experiments performed in at least three independent laboratories. Described below are the anticipated results discussed under each of the major experimental steps. A separate table is included regarding troubleshooting of experimental steps, which are also briefly discussed in this section.
Guide search:
In the case of floxing and knock-down model designs (that require insertion of artificial microRNA cassettes), it should be easy to find suitable guides because of the flexibility of insertion locations in those introns. Because LoxP sites/microRNA cassettes can be placed anywhere within a region that was originally narrowed for searching guides, any guide with a good score and with the lowest or no potential off target cleavage can be chosen for the design.
For the knock-in designs (requiring insertion of protein coding fusion cassettes with the gene sequences), the best guide will be that which cleaves exactly at the location where the new sequence needs to be inserted. If such a guide is not available, the next nearest cleaving guide should be chosen (see Figure 2 for examples of hypothetical guides and their locations with respect to the desired site of insertion). In some cases, we have chosen guides up to about 13 bases away from the insertion site, but have noticed imprecise insertions in some founders (deletion of the 13 nucleotides). If the chosen is farther from the desired insertion site, more founders may need to be generated to obtain correctly inserted founders. Irrespective of the guide cleaving location, the inside termini of homology arms (that meet the new sequence) will remain the same (as though the cassette were still to be inserted at the desired location), while the lengths of homology arms are maintained at least 55 bases long by extending their outside termini.
Preparation of ssDNA:
This involves three steps: (a) preparation of dsDNA templates; (b) preparation of RNA from dsDNA; and (c) preparation of ssDNA from RNA. The anticipated results in each of these steps are:
(a) Preparation of dsDNA templates. This step (either using a plasmid source or a PCR product) invariably yields more than several µgs of DNA. If some PCR amplifications result in poor yield, a Taq polymerase from a different vendor may be tried, or the reactions can be scaled up to compensate for the amount needed for the next step.
Mutations in the insertion cassette
Mis-incorporations arising from PCR and/or RT reactions. Inaccurate repair.
Use high fidelity enzymes for ssDNA preparation steps.
Additional founder pups may be created and sequence verified.
(b) Preparation of RNA from dsDNA. Typical yields range between 5-140µg of RNAs, but are dependent on kits used. Even though about 5 µg of RNA is sufficient for the next step, in our experience a total yield of about ~30 µg indicates an optimal quantity for an in vitro transcription reaction of 10 µl volume. We have noticed that some batches of kits and RNA purification columns do not yield consistent results. If low yields are obtained, a new batch of this kit or a kit from a different vendor may be tried. A sample gel image depicting variable results is shown in Figure 8 . In our laboratories, RNA samples are analyzed using regular TAE gels that are routinely used for DNA analysis. It should be noted that molecular weights do not match with those of dsDNA markers, but such gels provide necessary information quickly enough to proceed to the next step.
(c) Preparation of ssDNA from RNA. Typical yields, after the final step of gel purification, range from 0.2 to 2 µg of cDNAs, depending on kits and scale of synthesis used. After complete degradation of RNA by RNaseH treatment, the resulting cDNAs are gelpurified, eluted in a micro-injection buffer, and filtrated to avoid clogging the injection needle. Unlike RNA synthesis and purification kits, in our experience cDNA synthesis reagents and kits are less likely to have batch-to-batch or vendor-to-vendor variations. A sample gel showing comparable performance of three different reverse transcription reactions are shown in Figure 9 . The effects of the total amount of input RNA and incubation periods on the total yield of cDNA is shown in Figure 10 . These data indicate that about 5µg of input RNA and at least 10 minutes (per the manufacturer's recommendations) or longer incubation is necessary to obtain optimal ssDNA yields. Note that gel extraction of cDNA is a critical step to remove partially synthesized ssDNAs, and that the presence of incompletely synthesized ssDNA molecules can hamper insertion of full-length molecules. In this step, we load higher amounts of cDNA preparations to reduce the gel volume. When higher amounts are loaded, we often see a smear with one prominent band and another less prominent band migrating just above the prominent band. This is shown in Figure 11 , where the prominent band and the slower migrating bands are marked as 1 and 2, respectively. Purification of the two bands and running them at lower concentrations reveal that both bands migrate at the same rate ( Fig. 11) . Based on this experiment, we presume that a differential migration of molecules can occur when loaded at a higher concentration; one reason could be that some molecules may migrate at different rates due to the secondary structures in them. Despite the fact that the majority of ssDNA is lost during purification steps, the amount obtained at the end would be sufficient for at least two-to-three sessions of microinjections, given that 50-200 ng of ssDNA is used for one injection session. Finally, the ssDNA preparation can be tested by subjecting an aliquot to S1 nuclease digestion, which digests it completely if the prep only contains ssDNA (Fig. 12 ).
Microinjection and transgenesis:
Similar to transgenic microinjection experiments, overall birth rates vary from 10 to 30% among Easi-CRISPR experiments. However, insertion frequencies among live-born offspring is quite high in Easi-CRISPR, with the majority of projects completed by injecting about 50, or even fewer, zygotes.
Genotyping: In general, genotyping of CRISPR-generated animal models is very challenging given the potential for mosaicism and for many possible genome editing outcomes, including NHEJ-indels and large deletions or insertions. Identifying desired insertion alleles among such mixtures is certainly a difficult task. To ensure identification of correctly targeted alleles, we perform at least three independent sets of PCRs (Fig. 6) , followed by full sequencing of the targeted alleles. We have noticed higher rates of imprecise or partial insertions in some loci more than others, 8 which could be attributed to the mechanism of ssDNAs donor-mediated DNA repair, not yet fully understood. Further, some loci may be challenging for PCR genotyping and may require testing of many primers until some are found that work.
Overall efficiency of Easi-CRSPR protocol: Insertion frequencies of ssDNA cassettes is typically 25% to 100% among live-born pups. Cleaving efficiency of the guides could be one of the factors affecting insertion frequencies, and thus some loci are more efficient than others.
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M.O conceived the idea of using long ssDNAs as donors in genome editing, which was further tested and improved upon by the other three authors. All authors contributed equally in writing the manuscript. ). The guide that cleaves immediately upstream of the stop codon will be the most suitable guide for Easi-CRISPR. If such a guide is not available, a next guide immediately close to the target site should be chosen. In the example shown here, a guide that cuts 7 bases downstream should be the second option. The other two guides (options 3 and the least preferred guide) cleave at -16 bases and +19 bases from the target site. Farther the guide form the target site, poorer will be the correct insertion frequency because imprecise insertion rates become higher. If either of the last two guides are chosen, the donor cassette should contain mutation/s in the guide recognition sites (or PAM) to prevent Cas9 re-cleaving after the cassette is inserted. (c) Schematic of donor DNA showing T7 promoter (as part of dsDNA template) and the actual part of ssDNA donor. T7 promoter sequence should be included in the dsDNA template (used for ivTRT). Green arrow shows the primer for reverse transcription. Correct insertion genotype (in cis) can be determined by PCR using primer sets (5-4 and 1-6). Note that 3' regions of primers 5 and 6 bind to parts of LoxP sites (primer 5: 5'-NNNNNNNNNNNNNNNNNNNNataacttcgtatagc-3' and primer 6: 5'-NNNNNNNNNNNNNNNNNNNNataacttcgtataat-3' ). (b) Genotyping knock-in (and knock-down) alleles. One separate PCR each is performed for 5' and 3' junctional regions (primer sets 7-8 and 9-10) and for insert-specific regions (primer set 9-8). PCR with outer primer set (7-10) amplifies longer PCR fragments, including the entire knock-in cassette, as well as a shorter product originating from non-inserted wild type (or indel) allele. Positions of primers 9 and 8 (within the cassette) can be switched to reduce the amplicon sizes of junctional PCRs, in which case another set of insert specific primers need to be used in place of 9 and 8). The amplified fragments in both (a) and (b) should be sequenced to ensure sequence fidelity.
Knock-in/Knock-down cassettes
Target Exon (6) (5) (4) (3) (2) (1) (10) (7) (8) 
Supplemental Text: Mouse transgenesis experiments
These experiments follow well-established standard protocols of mouse transgenesis, typically performed at specialized core facility laboratories. Such protocols have been described in detail elsewhere 23, 24, 29 
